Control of charging in resonant tunneling through InAs nanocrystal
  quantum dots by Katz, David et al.
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WKHQH[WHOHFWURQFRXOGWXQQHOLQWRWKH4'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SUHYLRXVO\ XVHG DV VXEVWUDWHV LQ RXU H[SHULPHQWV IDFLOLWDWLQJ WKH 670REVHUYDWLRQ RI
4'V+RZHYHUWKHXQOLQNHG4'VZHUHYHU\PRELOHRQWKHVXUIDFHHYHQDW.DQG
ZHUHSDUWLDOO\LPPRELOL]HGRQO\QHDUVWHSVRQWKH+23*VXUIDFH
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  7KLV PDGH ERWK WKH LPDJLQJ DQG VSHFWURVFRSLF PHDVXUHPHQWV UHODWLYHO\ GLIILFXOW
'LVWRUWHGLPDJHVZHUHIUHTXHQWO\REVHUYHGGXHWR4'GUDJJLQJE\WKHWLSZKHUHDV LQ
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FRPSDULVRQZHDOVRSORWDUHSUHVHQWDWLYHVSHFWUXPPHDVXUHGRQD4'RIVLPLODUUDGLXV
EXW DQFKRUHG WR D JROG VXEVWUDWH YLD OLQNHU PROHFXOHV GDVKHG OLQH  7KH WXQQHOLQJ
VSHFWUD ZHUH REWDLQHG HLWKHU GLUHFWO\ XVLQJ ORFNLQ WHFKQLTXH RU E\ QXPHULFDO
GLIIHUHQWLDWLRQRIPHDVXUHG ,9FXUYHV \LHOGLQJVLPLODU UHVXOWV%RWK VSHFWUDH[KLELW D
JDSLQWKHGHQVLW\RIVWDWHVDURXQG]HURELDVDVVRFLDWHGZLWKWKH4'HQHUJ\EDQGJDS
DQGSHDNVDWSRVLWLYHQHJDWLYHELDVUHIOHFWLQJWKH&%9%VWDWHV+RZHYHUWKHUHLVD
SURIRXQG GLIIHUHQFH EHWZHHQ WKHVH WZR VSHFWUD  ,Q WKH VSHFWUXP PHDVXUHG LQ WKH
4'OLQNHUPROHFXOH$XJHRPHWU\ UHVRQDQW WXQQHOLQJDFFRPSDQLHGE\4'FKDUJLQJ LV
FOHDUO\VHHQH[KLELWHGLQWKH&%E\WKHGRXEOHWRISHDNVWKDWLVIROORZHGE\DKLJKHU
RUGHUPXOWLSOHW$VGLVFXVVHGSUHYLRXVO\

WKHGRXEOHWFRUUHVSRQGVWRWXQQHOLQJWKURXJK
WKHWZRIROGGHJHQHUDWHVOLNH&%VWDWHGHQRWHG6HZLWKWKHVSDFLQJDVVLJQHGWR WKH
VLQJOH HOHFWURQ FKDUJLQJ HQHUJ\ ZKLOH WKH KLJKHU RUGHU PXOWLSOHW LV DVVLJQHG WR
WXQQHOLQJ WKURXJK WKH SOLNH VWDWH 3H  7KH FKDUJLQJ PXOWLSOHWV DUH DEVHQW LQ WKH
VSHFWUXPPHDVXUHG LQ WKH 4'+23* JHRPHWU\ DQG HDFK PXOWLSOHW LV UHSODFHG E\ D
VLQJOHVRPHZKDWEURDGHQHGSHDNLQGLFDWLQJFKDUJLQJIUHHUHVRQDQWWXQQHOLQJWKURXJK
WKHVDQGSOLNH&%VWDWHV:HQRWHWKDWWKHFKDUJLQJPXOWLSOHWVZHUHDEVHQWHYHQZKHQ
WKHSHDNVGLGQRWH[KLELWVLJQLILFDQWEURDGHQLQJHJ WKHVSHDNLQ WKHXSSHUFXUYHRI
)LJ $ VLPLODUEHKDYLRU LV VHHQ DOVR IRU WKHPRUH FRPSOH[9% :HDWWULEXWH WKH
GLIIHUHQFHEHWZHHQWKHWZRVSHFWUDWRWKHGLIIHUHQWWXQQHOLQJUDWHUDWLRVΓΓDFKLHYHG
LQ HLWKHU RI WKH '%7-¶V $ VLJQLILFDQWO\ ORZHU WXQQHO EDUULHU RI WKH 4'VXEVWUDWH
MXQFWLRQLVH[SHFWHGLQWKH4'+23*FRQILJXUDWLRQ
7R FRQILUP WKLV LQWHUSUHWDWLRQ ZH SHUIRUPHG WKHRUHWLFDO VLPXODWLRQV XVLQJ WKH
³2UWKRGR[0RGHO´IRUVLQJOHHOHFWURQWXQQHOLQJ

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V DQGS
&% OHYHOV DQG WZR IRXUIROGGHJHQHUDWH9%VWDWHV
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7KH FDSDFLWDQFHYDOXHVZHUH
DOVRNHSWWKHVDPHIRUWKHWZRFXUYHV& D)DQG& D)UHVXOWLQJLQDa
YROWDJHGURSRQWKHWLS4'MXQFWLRQDQG(&aPH9 7KHWZRFXUYHVGLIIHU LQ WKH
UDWLR EHWZHHQ WKH WXQQHOLQJ UDWHVΓΓ    DQG  IRU WKH GDVKHG DQG VROLG FXUYHV
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  7KH GDVKHG FXUYH VKRZV
VWURQJ FKDUJLQJPXOWLSOHWV W\SLFDO IRU UHVRQDQW WXQQHOLQJ WDNLQJSODFH DORQJZLWK4'
FKDUJLQJ  7KH VROLG FXUYH RQ WKH RWKHU KDQG H[KLELWV RQO\ D VLJQDWXUH RI FKDUJLQJ
HIIHFWHJRQHVPDOOFKDUJLQJSHDNLQWKHSPXOWLSOHWZKLFKYDQLVKHGIRUΓΓODUJHU
WKDQ,WLVHYLGHQWWKDWWKHFXUYHIRUΓΓ UHVHPEOHVWKHH[SHULPHQWDOVSHFWUXP
REWDLQHG IRU WKH 4'OLQNHUPROHFXOH$X V\VWHP ZKLOH WKH ΓΓ    FXUYH EHWWHU
FRUUHVSRQGV WR WKH4'+23*FRQILJXUDWLRQ FRQVLVWHQWZLWK RXU LQWHUSUHWDWLRQ DERYH
1RWH DOVR WKDW WKH DSSDUHQW VS OHYHO VHSDUDWLRQ ERWK LQ WKHRU\ DQG H[SHULPHQW LV
VPDOOHUIRUWKH4'+23*FRQILJXUDWLRQGXHWRWKHDEVHQFHRIFKDUJLQJFRQWULEXWLRQ
)XUWKHUPRUHDWUDQVLWLRQIURPFKDUJLQJIUHHWXQQHOLQJWRUHVRQDQWWXQQHOLQJLQWKH
SUHVHQFHRI FKDUJLQJ LV GHPRQVWUDWHGE\)LJ  IRU WKH4'+23*V\VWHP +HUHZH
SORW WZR WXQQHOLQJ VSHFWUD DFTXLUHG RQ WKH VDPH4'RI UDGLXV  QPZLWK GLIIHUHQW
WLS4'VHSDUDWLRQV7KHGDVKHGFXUYHZDVPHDVXUHGZLWK96 9DQG,6 Q$
ZKLOH WKH VROLG FXUYH ZDV WDNHQZLWK ,V    Q$ PRYLQJ WKH WLS FORVHU WR WKH 4'
7KHUHDUHWZRPDUNHGGLIIHUHQFHVEHWZHHQWKHVHWZRVSHFWUD)LUVWWKHDSSDUHQWJDSLQ
WKHGHQVLW\RIVWDWHVDURXQG]HURELDVLVODUJHUIRUWKHFXUYHPHDVXUHGZLWKWKHWLSFORVHU
WRWKH4'7KLVLVDWWULEXWHGWRWKHHIIHFWRIYROWDJHGLYLVLRQEHWZHHQWKHWZRMXQFWLRQV
,Q RXUPHDVXUHPHQWV & LV VPDOOHU WKDQ & WKHUHIRUH WKH DSSOLHG YROWDJH 9% ODUJHO\
GURSVRQ WKH WLS4'MXQFWLRQDQG WXQQHOLQJ WKURXJK WKHGLVFUHWH4'OHYHOV LVRQVHW LQ
WKLVMXQFWLRQ+HQFHWKHDSSDUHQWOHYHOVSDFLQJLQ WKHWXQQHOLQJVSHFWUD LV ODUJHU WKDQ
WKHUHDOOHYHOVSDFLQJE\DIDFWRURI9%9 && 7KHUHIRUHXSRQUHGXFLQJWKH
WLS4'GLVWDQFH&LQFUHDVHVDQGVRGRHVWKHPHDVXUHGJDS7KHVHFRQGGLIIHUHQFHLV
HYHQ PRUH SURIRXQG  ,Q WKH GDVKHG FXUYH D GRXEOHW LV REVHUYHG DW WKH RQVHW RI
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SURFHVVRI UHVRQDQW WXQQHOLQJ EHFRPHV DFFRPSDQLHG E\4'FKDUJLQJ 7KH WXQQHOLQJ
FXUUHQWH[FHHGHGWKHVDWXUDWLRQYDOXHRIGHWHFWLRQDWDYROWDJHWKDWGLGQRWDOORZXVWR
FKHFNZKHWKHUWKHSOHYHODOVREHFRPHVFKDUJHG
7R DGGUHVV LQ JUHDWHU GHWDLO WKH HIIHFW RI YROWDJH GLYLVLRQ ZLWKLQ WKH '%7- WKH
9%&%DQGVSJDSVZHUHH[WUDFWHG IURP WKH VROLGFXUYH LQ)LJ \LHOGLQJ DQG
H9UHVSHFWLYHO\%RWKYDOXHVDUHWLPHVODUJHUWKDQWKRVHREWDLQHGSUHYLRXVO\
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IRU ,Q$V 4'V RI VLPLODU VL]H 7KHUHIRUH HYHQ WKLV FXUYH ZDV VWLOO PHDVXUHG ZLWK
QRQQHJOLJLEOH YROWDJH GURS DFURVV WKH 4'+23* MXQFWLRQ 7KH VSHFWUD SUHVHQWHG LQ
VROLGOLQHVLQ)LJZHUHREWDLQHGRQWKUHHGLIIHUHQW4'VZLWKWKHWLSIXUWKHUUHWUDFWHG
IURPWKH4'XVLQJDW\SLFDOVHWWLQJRI96 9DQG,6 S$+HUHWKHPHDVXUHG
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DQGVSOHYHOVHSDUDWLRQVDQGH9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DJUHHPHQWZLWK5HIDQGH[KLELWWKHH[SHFWHGTXDQWXPVL]HHIIHFW7KHGDVKHGFXUYH
DWWKHERWWRPRIWKHILJXUHZDVDFTXLUHGRQWKHQP4'EXWZLWK,6 Q$$JDLQ
WKHPHDVXUHGJDSVEURDGHQGXHWRWKHLQFUHDVHRI&&WKLVWLPHZLWKRXWWKHRQVHWRI
4'FKDUJLQJ LHΓZDVVWLOO WRRVPDOODVFRPSDUHGWRΓ7KHVHWWLQJRI ,6 WR ORZHU
YDOXHVDOORZHGXV WRREVHUYH IRU WKH ODUJHU4'VD WKLUGSHDN DW SRVLWLYHELDVEHIRUH
FXUUHQW VDWXUDWLRQ 7KLVSHDNPD\EH UHODWHG WR WKHQH[W&% VWDWH SUHVXPDEO\ 'H
ZKLFKFRXOGQRWEHGHWHFWHGLQRXUSUHYLRXVZRUNVLQFHGXHWRWKHHIIHFWRIFKDUJLQJLW
ZDVSXVKHGRXW WRYROWDJHVEH\RQGWKHOLPLWRIFXUUHQWVDWXUDWLRQRU WKHRQVHWRI ILHOG
HPLVVLRQ
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,QVXPPDU\ZHKDYHGHPRQVWUDWHGWKHHIIHFWRIYDU\LQJWKH'%7-SDUDPHWHUVRQ
WKHPHDVXUHGWXQQHOLQJVSHFWUD7KHFDSDFLWDQFHUDWLREHWZHHQWKHMXQFWLRQVZDVIRXQG
WRSULPDULO\DIIHFWWKHDSSDUHQWOHYHOVSDFLQJZKHUHDVE\YDU\LQJWKHUDWLREHWZHHQWKH
WXQQHOLQJUDWHVDFRQWURORYHUWKHGHJUHHRI4'FKDUJLQJGXULQJWKHWXQQHOLQJSURFHVVLV
DFKLHYHG
:H WKDQN<01LTXHW IRUKHOSIXO GLVFXVVLRQV 7KLVZRUNZDV VXSSRUWHGE\ WKH
,VUDHO 6FLHQFH )RXQGDWLRQ IRXQGHG E\ WKH ,VUDHO $FDGHP\ RI 6FLHQFH WKH %,.85$
IRXQGDWLRQDQGE\,QWHO,VUDHO
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)LJXUH$QP[QPWRSRJUDSKLF670VKRZLQJWZRVLQJOH ,Q$V4'VSRVLWLRQHGQHDUD
PRQROD\HUVWHSRQ+23*%\SRVLWLRQLQJWKH670WLSDERYHWKH4'D'%7-FRQILJXUDWLRQLV
UHDOL]HGVKRZQVFKHPDWLFDOO\LQWKHULJKWLQVHWDVGHSLFWHGE\WKHHTXLYDOHQWFLUFXLWLQWKHOHIW
LQVHW
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)LJXUHD7XQQHOLQJVSHFWUDPHDVXUHGRQ,Q$V
4'V a  QP LQ UDGLXV 7KH VROLG FXUYH ZDV
PHDVXUHG LQ WKH 4'+23* JHRPHWU\ DQG WKH
GDVKHG FXUYH LQ WKH 4'OLQNHUPROHFXOH$X
JHRPHWU\ E &DOFXODWHG VSHFWUD VKRZLQJ WKH
HIIHFWRIWXQQHOLQJUDWHUDWLR7KHGDVKHGDQGVROLG
FXUYHV ZHUH FDOFXODWHG ZLWK **    DQG 
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Ua QP ZLWK WZR GLIIHUHQW WLS4' VHSDUDWLRQV
H[KLELWLQJ HIIHFWV RQ ERWK WKH DSSDUHQW 4' OHYHO
VSDFLQJDQGFKDUJLQJVHHWH[W
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